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At 5-7 weeks of age, the B6C3F1 mice from the DEN initiation and NaCl control groups were separately randomized by weight, assigned to one of two groups (n = 12), and transferred to individual hanging stainless-steel cages contained in a 1-m whole-body inhalation chamber. The mice were exposed to 0 or 2046 ppm (target concentration) of wholly vaporized PS-6 blend UG for 6 hr/day, 5 days/week, for 16 weeks. Exposures were routinely conducted from 0800 hr to 1400 hr on weekdays, including holidays. The chamber design, exposure generation system, and monitoring system were exactly as described previously (5) Approximately 20 hr after the last inhalation exposure, mice were weighed, anesthetized with isoflurane, and exsanguinated. Blood collected by cardiac puncture was allowed to clot for 0.5-1.0 hr and then centrifuged to obtain serum. Testes were removed and weighed together. Livers were removed, weighed, and examined for the presence of macroscopic lesions. The number of macroscopic hepatic masses .1 mm was determined. Sections of the left, median right, and right anterior lobes were fixed in 10% buffered formalin. The balance of the liver was minced, rinsed with ice-cold isotonic KCl-Tris (0.154 M KCl, 0.050 M Tris, pH 7.4), chilled on ice, and used to prepare microsomes as described previously (5) . Microsomes were pooled from three mice in the same treatment group.
The formalin was replaced by 70% ethanol 48 hr after necropsy. Tissues were embedded in paraffin, sectioned at 5 pm, stained with H&E, and examined microscopically. Pituitaries were removed after fixation in formalin, weighed to the nearest milligram, and processed for microscopic examination.
We determined the total area of liver at each sample site occupied on an H&E-stained section from the inhalation experiment using an Image-1 image processing system (Universal Imaging Corporation, West Chester, Pennsylvania). Sections were examined for the presence of AHF .10 cells in size with the experimenter blind to the treatment group, and foci were classified according to histopathological phenotype using standard criteria (20) . We recorded the area of each focus and used it to calculate the number and volume of foci according to the stereological method of Pugh et al. (21) using a focal profile cutoffwith a radius of 65 pm.
We assayed hepatic microsomal pentoxyresorufin-Odealkylase (PROD) activity essentially as described by Lubet et al. (22) . Microsomal protein was assayed with Coomassie-plus protein assay reagent (Pierce, Rockford, Illinois) using bovine serum albumin (Pierce) as a standard. Sorbitol dehydrogenase (SDH) activity in serum was determined immediately after necropsy using a commercial kit (#50-UV) from Sigma. (23, 24) , has been correlated with liver tumor promotion in rodents (25, 26) . Because hepatic PROD activity was induced in female mice exposed to 2056 ppm UG for 13 weeks (5), the possible effect of UG on hepatic PROD activity in male mice was determined. UG Approximately 90% of the AHF were basophilic, and the majority of the remainder were mixed (basophilic/clear cell). Because the vast majority of AHF were basophilic, AHF were grouped together for the purpose of stereological analysis. As shown in Table 2 , UG treatment increased the mean volume and volume fraction occupied by AHF by threefold and twofold, respectively. While this may seem to be a subtle effect, it is worth noting that the AHF in the DEN/control group were dearly at an advanced stage of development as judged by the relatively large mean volume and volume fraction occupied by AHF (Table 2) . Thus, a twofold increase in volume fraction when volume fraction was already near 10% in the DEN/control group represents a highly biologically significant increase. The number ofAHF per unit area, however, was not increased by UG treatment in DEN-initiated mice ( Table 2) .
To determine whether hepatocyte proliferation rates differed between treatment groups, mice were treated with BrdU via osmotic pumps for 3 days before necropsy, and BrdU incorporation was evaluated immunohistochemically in liver sections. UG did not increase nonlesioned hepatocyte LI in initiation control or DEN-initiated mice (Table 3 ). The hepatocyte LI of AHF was substantially greater than that of nonlesioned liver, as expected (27) (28) (29) . The mean hepatocyte LI of AHF from DEN/UG-treated mice was 29% greater (p < 0.01) than the mean hepatocyte LI of AHF from mice treated with DEN alone (Table 3) . For these data, the hepatocyte LI of all the AHF in a given mouse were averaged together, and the value shown in Table 3 is the grand mean of all the mice in a group. Since different numbers of AHF were counted for each mouse, this value could be unduly influenced by mice with relatively few AHF. Thus, we also calculated the mean LI of the aggregate of UG-treated AHF (36.9 ± 7.6%, n = 63) and the aggregate of control AHF (28.7 ± 9.4%, n = 99), and the difference between the treatment groups remained highly significant (p < 0.0001). Consistent with the increased proliferative rate of AHF from UG-treated mice, UG caused a shift in the size of AHF foci toward greater size relative to AHF from control mice (Fig. 1) . This finding, which was obtained by counting the number of hepatocellular nuclei of AHF, independently corroborated the increase in mean size estimated by quantitative stereology (Table 2) . However, the average hepatocyte LI of AHF in the different size classes was similar within a given treatment group [e.g., the proliferative rate in AHF of all size classes in the DEN/UG group was about 37% (data not shown)].
Discussion
Our data demonstrate that UG exposure under similar exposure conditions to the cancer bioassay of UG (2) increased the size of AHF as well as the number of macroscopic neoplasms in DEN-initiated male B6C3F1 mice. Because UG did not also increase the number of AHF in DENinitiated mice, the increased number of macroscopic neoplasms was likely a reflection of the stimulation of growth of AHF by UG. The failure of UG to increase the number of AHF in male or female mice (5,11) is consistent with the lack of significant genotoxic activity of UG (7) (8) (9) . By standard definitions of tumor promotion (30) , these data demonstrate that UG is a liver tumor promoter in male B6C3F1 mice. UG also induced hepatic PROD . a a a -a-a..a activity, which fits with the correlation of CYP2B induction and the phenomenon of liver tumor promotion in rodents (25, 26) . The liver-tumor-promoting activity of UG in male mice in this study appears to be at odds with the lack of carcinogenic activity in male mice in the cancer bioassay of UG (2) . There are several potential reasons for this apparent discrepancy. First, the infant mouse initiation-promotion model used to detect the tumor promotion effect of UG may be more sensitive than the cancer bioassay, and only relatively robust promotional effects in the infant mouse model predict promotion activity in longer-term studies. For example, under identical exposure conditions, UG induced a fourfold increase in volume of AHF in female B6C3F1 mice (11) versus a twofold increase in male mice in the present study, and UG induced liver tumors in female and not in male mice in the cancer bioassay (2) . However, the quantitative difference in UG promotion activity between male and female mice most likely is, in part, a consequence of the 16-week time point chosen for analysis. AHF in the DEN/control group were about fourfold larger in male than in female mice at this time point (11) , which is consistent with the well-established faster growth of AHF in male mice in the infant mouse model (28, 29) . Thus, it would have been relatively difficult to demonstrate the same fourfold increase in size of AHF in male versus female mice at the 16-week time point. Nevertheless, these data caution against the use of sensitive tumor promotion models to predict cancer bioassay outcomes.
A second possible explanation for why UG acted as a liver tumor promoter in the present study but was not hepatocarcinogenic in male mice in the chronic bioassay is that the biology of DEN-initiated foci may be significantly different from the biology of the spontaneous foci that UG presumably acted upon in the chronic bioassay. It is well known that the phenotypes and genotypes of AHF are heterogeneous, even among morphologically similar AHF (17, 31, 32) . DEN is a potent mutagen, and its administration to mice yields a spectrum of AHF genotypes that may not be the same ones that progressed to liver tumors in the cancer bioassay of UG (17, 33) .
A third potential explanation for the apparent discrepancy between the present study and the results of the cancer bioassay of UG is that some factor(s) may be lacking in males, or present in females, that allows growth and progression of UG-promoted AHF to hepatic tumors selectively in females. For example, the particular hormonal milieu of the female mouse may have favored the progression of the types of spontaneous AHF promoted by UG in the cancer bioassay.
A novel finding in the present study was the small (-30%) but highly significant increase in hepatocyte LI in basophilic AHF from DEN-initiated, UG-treated mice relative to AHF from mice treated with DEN alone. UG did not increase the proliferative rate of surrounding nonlesioned hepatocytes, which is consistent with previous data showing that UGinduced hepatocyte proliferation disappeared after the first week of chronic, intermittent exposure (4). We are aware of only one other report (34) in which a mouse liver tumor promoter was shown to selectively increase the proliferative rate of AHF in male mice. In that study, phenobarbital selectively increased the LI of eosinophilic and not basophilic AHF but concomitantly suppressed LI in nonlesioned hepatocytes in female C3H mice (34) . In rats, phenobarbital increased the number and size of DEN-initiated y-glutamyl transpeptidase-positive nodules but did not change the average LI of these nodules (32. In another study, the LI of yglutamyl transpeptidase-positive hepatocytes as well as the LI of nonlesioned hepatocytes was increased by several liver tumor promoters, including phenobarbital, cyproterone acetate, and nafenopin (27) .
The fact that AHF were larger, on average, in UG-treated mice might be a consequence of either a greater cellular birth rate, a decreased cellular death rate, or both, in these focal hepatocytes (6) . The finding of a higher LI in AHF of UGtreated mice suggests that a greater cellular birth rate in these AHF at least contributed to promotion by UG. However, the molecular mechanism behind this increased proliferative rate remains to be determined. We proposed that UG might have antiestrogenic effects in female mice and that estrogen antagonism might secondarily lead to liver tumor promotion (11, 19) . The molecular basis for the inhibitory effect of estrogen on promotion in mice is not known but has been observed in both male and female mice (13, 14, 18, 19) . The antiestrogenic hypothesis seems less plausible in male mice, which would be expected to have lower endogenous levels of estrogen for the UG to act upon. Indeed, we did not detect any effect of UG on testes or pituitary of male mice, whereas UG decreased ovarian and pituitary weight in female mice (11) . However, we cannot rule out the possibility that UG-induced liver tumor promotion in our two-stage model follows a similar antiestrogenic mechanism in both sexes of mice. Clearly, more studies are needed to define the biochemical/molecular mechanism of UG-induced tumor promotion in both sexes of mice.
It is noteworthy that wholly vaporized UG, which has the composition of liquid gasoline, was used in both the cancer bioassay of UG (2) and the present liver tumor promotion study of UG, whereas most human exposure to UG involves UG vapor. The low boiling-point components of liquid UG are disproportionately represented in UG vapor (1, 35) . However, high boiling-point components of UG, which account for the bulk of the hepatic mitogenic and P450-inducing activity of liquid UG, are present in wholly vaporized UG (36) . Thus, if such hepatic activities are causally related to liver tumor promotion by UG, the results of this tumor promotion study and the cancer bioassay of UG may well overstate human liver cancer risk from UG exposure.
In summary, we have shown that UG promotes the development of DEN-initiated AHF in male mice under exposure conditions similar to those that failed to increase liver tumor incidence in a cancer bioassay of UG. Promotion of DEN-initiated AHF in male mice was associated with a selective increase in proliferation of focal hepatocytes. Further studies are needed to define the mechanism of growth stimulation of hepatic preneoplastic lesions by UG and elucidate the reason such stimulation results in hepatic neoplasia selectively in female mice. Our findings illustrate that tumor-promoting activity does not necessarily predict carcinogenicity and that analysis of chemically induced hepatocyte proliferation in nonlesioned liver does not necessarily predict induced proliferation in preneoplastic lesions.
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